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ABSTRACT
Velocity profiles of a line of H+3 at 3.7µm produced in warm diffuse gas have been observed toward 18 stars
in the Central Molecular Zone (CMZ) of the Galaxy. Their longitude-velocity diagram indicates that the gas is
radially expanding within the CMZ at speeds up to a maximum of ∼150 km s−1. The current momentum and
energy in the gas are ∼ 5× 108M km s−1 and ∼ 5× 1053 erg. The motion is similar to that of the Expanding
Molecular Ring (EMR) discovered in 1972 by Kaifu et al. and by Scoville. We propose that the expanding gas
seen in H+3 is part of the same phenomenon, in spite of differences in estimates of density, morphology, and
degree of rotation. The outward motion suggests that one or more ejection events occurred near the center of
the CMZ (0.5–1)× 106 years ago, which may be related to creation of the recently observed microwave bubble.
These observations revive the circular face-on view of the CMZ proposed in 1972, which fell out of favor after
1991 when Binney et al. proposed that a face-on view of the CMZ would show it to have an elliptical shape,
with high eccentricity. While that model may apply on kiloparsec scales, we argue that it is incorrect to apply
it to the much smaller CMZ. We discuss the fate of the expanding gas, which appears to be eventual infall into
the center, leading to episodes of star formation and violent events associated with accretion onto Sgr A∗.
Keywords: Astrochemistry — cosmic rays — Galaxy:center — infrared:stars — ISM:Lines and Bands —
ISM:molecules— ISM:cloud — ISM:structure
1. INTRODUCTION
On the night of July 10-11, 1997 at the United Kingdom
Infrared Telescope (UKIRT) spectra toward two bright stars
in the Galaxy’s Central Molecular Zone (CMZ), the cen-
tral 300 pc of the Galaxy, revealed unexpectedly high col-
umn densities of H+3 (Geballe et al. 1999). One of the stars,
GCIRS 3, is in the Central Cluster of massive luminous stars
centered on the supermassive black hole, Sgr A∗. The other,
known as GCS 3-2, is located in the Quintuplet Cluster, 30 pc
to the east of Sgr A∗, and is also deeply embedded in the
CMZ. The column density of H+3 toward each of these stars
is an order of magnitude higher than the column densities of
H+3 that had been measured toward young stellar objects in
dense clouds and toward a star in a diffuse cloud, all of which
are located in the Galactic disk (Geballe & Oka 1996; Mc-
Call et al. 1998, 1999). This striking difference exists despite
the extinctions to the two stars in the GC stars being compa-
rable to and in some cases lower than the extinctions to the
young stellar objects, and only three times higher than the
extinction to the diffuse cloud source. Consequently the 3.5–
4.0µm infrared spectrum of H+3 (Oka 1980), or trihydrium, a
molecular ion having several unique and valuable properties
for studies of the interstellar medium, has emerged as a novel
probe to investigate the gaseous environment in the CMZ.
Further observations and analysis in the first decade of this
century established that the CMZ in the region from Sgr A∗
to 30 pc east contains long columns of warm (∼200 K) low
density (.100 cm−3), and mostly blueshifted gas (Goto et
al. 2002; Oka et al. 2005; Goto et al. 2008). In 2008 a pro-
gram was launched to search for bright stars throughout the
CMZ with smooth continua in order to extend studies of H+3
from the central 30 pc to cover the full 300 pc extent of the
CMZ (Geballe & Oka 2010). The project has been completed
(Geballe et al. 2019a) and has provided ∼30 suitable stars
extending from 140 pc west of Sgr A∗ to 116 pc east (herein
we use a GC distance of 8 kpc). A comprehensive analysis of
spectra of H+3 and CO observed during the last 20 years, in-
cluding many of these newly found objects, has recently been
published (Oka et al. 2019, hereafter Paper I). This has led
to two conclusions: (1) the predominance in terms of volume
of warm and diffuse gas in the CMZ; and (2) the high cos-
mic ray ionization rate (ζ ∼ 10−14 s−1) in the CMZ, 1000
times higher in dense clouds (Geballe & Oka 1996; McCall
et al. 1999) and 100 times higher than in diffuse clouds in the
Galactic disk (McCall et al. 2003; Indriolo et al. 2007; In-
driolo & McCall 2012). As corollaries, Paper I showed that
the CMZ is not as opaque as reported in some papers (e.g.
Morris & Serabyn 1996) and concluded that ultra-hot X-ray-
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emitting gas does not exist continuously and extensively in
the CMZ as reported in some papers (Koyama et al. 1989;
Lazio & Cordes 1998, see their Fig. 9) .
In this paper, Paper II, we report the results of our inves-
tigations of the dynamics and morphology of this warm and
low density gaseous environment, obtained from the velocity
profiles of H+3 lines. We take advantage of properties of the
absorption profiles produced in dense clouds within the CMZ
and the foreground spiral arms: that they tend to be sharp
and occur at radial velocities known from previous radio and
millimeter wave spectroscopy. In contrast, the profiles of H+3
lines arising within the CMZ, in addition to frequently be-
ing broad, occur predominantly in warm diffuse gas, an envi-
ronment that is usually straightforward to differentiate from
gas in dense clouds via spectroscopy of several H+3 lines and
lines of the first overtone band of CO. The velocity disper-
sions of the H+3 lines arising in the warm diffuse gas along
the line of sight are as high as 150 km s−1, a unique feature
of the CMZ. We make use of the longitude-velocity (l, v) dia-
gram (e.g. Binney & Merrifield 1998, Section 9.1) of this gas
to draw simple and straightforward conclusions regarding its
dynamics and morphology.
2. PREVIOUS OBSERVATIONS AND
INTERPRETATIONS
2.1. Early Observations
The highly blueshifted line profiles that play a central role
in this paper were first observed in the 21 cm HI emission
spectrum by Rougoor & Oort (1960). Due to the very low
spatial resolution, the observed maximum positive and nega-
tive velocities of 135 km s−1 were interpreted by them as the
maximum tangential velocity of a circular motion (see Fig. 4
of Rougoor & Oort (1960), Fig. 1 of Rougoor (1964), and
Fig. 9 of Oort (1977)). However, based on a separate sur-
vey of high velocity HI emission van der Kruit (1970) had
proposed an expulsion of gas from the Galactic nucleus.
When molecular radio astronomy was initiated with obser-
vation of the 18 cm Λ-doublet OH absorptions (Weinreb et al.
1963), five papers were published in 1964 on OH absorption
in the GC using Sgr A as the background radio continuum
source (Bolton et al. 1964a; Dieter & Ewen 1964; Robinson
et al. 1964; Goldstein et al. 1964; Bolton et al. 1964b) pri-
marily because it is bright. Among them Fig. 2 of Robinson
et al. (1964) most clearly demonstrated the existence of the
−135 km s−1 absorption toward Sgr A. Readers are referred
to Whiteoak (1994) for more details of the spectra and inter-
esting anecdotes of the Australian OH observations. Unlike
the HI emission, which does not allow one to determine if the
high velocity gas is situated in front of or behind Sgr A, the
intense OH absorption demonstrated that a large amount of
gas is moving outward from the GC at high velocity. Later
Robinson & McGee (1970) and McGee (1970) reported their
extensive survey of one of the Λ-doublet lines at 1667 MHz
from Galactic longitude 357◦30′ to 3◦20′, measuring charac-
teristic radial velocities, velocity dispersions, sizes, and max-
imum values of apparent opacities for 63 clouds.
2.2. The Expanding Molecular Ring (EMR)
Based on the (l, v) diagram of the radio OH absorp-
tion in Fig. 4 of McGee (1970) obtained using the 64 m
Parkes Radio Telescope (angular resolution 12.′2), Kaifu,
Kato, & Iguchi (1972) proposed the existence of an Ex-
panding Molecular Ring (EMR), a circular ring of radius
220 pc (adjusted to the GC distance of 8 kpc used herein)
with expansion and tangential velocities of 130 km s−1 and
50 km s−1, respectively; observations of the rear part of the
ring were supplemented by measurements of NH3 emission
at two positions. Kaifu et al. also pointed out the existence
of the ring in the (l, v) diagram of radio H2CO absorption in
Fig. 3a of Scoville, Solomon, & Thaddeus (1972) albeit with
less angular coverage.
In a paper received 16 days after Kaifu, Kato, & Iguchi
(1972), Scoville (1972), using the 43 m Green Bank Tele-
scope, also proposed the existence of the EMR, based on the
(l, v) diagram of an H2CO absorption line, but with a some-
what smaller radius 170 pc (adjusted) and expanding and tan-
gential velocities of 145 km s−1 and 50 km s−1, respectively.
These values are taken from Model I of Scoville’s Table I;
we ignore Model II (Scoville also mentions that “contraction
cannot be ruled out”). According to both papers the EMR is
situated in the Galactic plane. In estimating the total mass
of the EMR both papers assumed gas densities on the order
of 103–104 cm−3; it is now thought that the observed gas is
more likely to be mostly lower density (see Section 5.3.1).
Two years later Kaifu, Iguchi, & Kato (1974) reported “an
almost complete ring” from observations of HI 21 cm absorp-
tion in front of Sgr A and emission behind it. We show the
inferred face-on views of the CMZ of Kaifu, Kato, & Iguchi
(1972) and Scoville (1972) in Figure 1, because the circular
shape of the CMZ and expansion at ∼140 km s−1 are simi-
lar to what we conclude in this paper on the morphology and
motion of the warm and diffuse gas within the CMZ. Note
that the geometry and expansion of the EMR were derived
from absorption spectra. Unlike the motions of dense gas in
the GC, which have been explained as responses to the grav-
itational potential (see the next section), there is no way to
explain the EMR in that way. (See Liszt & Burton (1980),
however, for an explanation of a larger scale expanding arm
as the result of the gravitational potential.) The motion of
the EMR must be due to a massive expulsion of gas in the
relatively recent past (see Section 6.2).
For a recent 3-dimensional analysis of the EMR as an ex-
panding molecular shell (Sofue 1995b) and an expanding
molecular cylinder (Sofue 2017) based on radio CO emis-
sion, see the next subsection.
2.3. The Galactic Center Ring (GCR)
Many molecules have been used to produce (l, v) diagrams
subsequent to the proposed existence of the EMR. By far the
one most extensively used is the CO molecule, whose radio
emission arises virtually entirely in dense gas (Bania 1977;
Liszt & Burton 1978; Heiligman 1987; Bally et al. 1987,
1988; Sofue 1995a,b; Dahmen et al. 1997; Oka et al. 1998a,b;
Sawada et al. 2001; Martin et al. 2004; Oka et al. 2012). The
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Figure 1. Face-on views of the Expanding Molecular Ring from Kaifu, Kato, & Iguchi (1972) (left) and Scoville (1972) (right). Note that the
scales of the rings in pc in these figures are based on a GC distance of 10 kpc.
slanted nearly linear section of the (l, v) diagram visible in
Fig. 1e of Heiligman (1987), Fig. 4 (especially at b = 0.0)
of Bally et al. (1987), and Fig. 3 of Liszt (1992) indicate the
presence of a rotating ring of dense gas. This was isolated
in a detailed analysis of the data in Bally et al. (1987) by
Sofue (1995a) and was called “the 120-pc molecular ring”
(110 pc for the GC distance used in this paper). This ring
of purely rotating dense clouds tilted by 5◦ and slightly bent
has been widely accepted and named the Galactic center ring
(GCR) by Rodrı´guez-Fernandez et al. (2006). The “100 pc
ring” observed in far-infrared emission by dust (Molinari,et
al. 2011) may be the same structure, although there are sig-
nificant morphological differences. The active star forming
regions Sgr B2 and Sgr C are often placed on the GCR.
Therefore, there appeared to be two rings, the outer EMR
with a radius of ∼200 pc which suggested some explosive
event near the Galactic nucleus within a million years (see
Section 6), and the inner rotating circular GCR of dense gas
with a radius of ∼100 pc which is the response to the central
gravitational potential. Subsequently the GCR has been re-
interpreted as composed of two spiral arms, Arm I and Arm
II (see Figs. 2 and 3 of Sofue (1995a) and Fig. 3 of Sofue
(1995b), Sawada et al. (2004), Henshaw et al. (2016), Ridley
et al. (2017), and others).
Sofue’s three-dimensional analysis of the CO emission ob-
served by Bally et al. (1987, 1988) also significantly altered
the concept of the EMR (Sofue 1995b). Instead of a planar
structure he found a structure with vertical extent of ±50 pc
and called it the Expanding Molecular Shell (EMS). More re-
cently, from a three-dimensional analysis of more extensive
observations by Oka et al. (1998b), Sofue (2017) showed that
the EMR is a bi-polar vertical cylinder with the total length as
great as 170 pc and called it the Expanding Molecular Cylin-
der (EMC). He also identified the GCR with the CMZ and es-
timated that the mass of the CMZ is higher than that of EMC
by a factor of∼8. His estimate of the mass of the EMR/EMC
of 0.8 × 107 M is in good agreement with the mass of 6 ×
106M (Table 7 of Paper I). See also Henshaw et al. (2016).
2.4. Barred potential and elliptical orbit with high
eccentricity
The interpretation of the gas in the CMZ as having a largely
circular distribution, as suggested by the EMR and GCR, was
drastically modified by Binney et al. (1991), who developed
a theory of gas motion in the Galactic barred potential (see
also Athanassoula 1992a,b). They demonstrated that for lon-
gitudes within 10◦ (∼1,500 pc) of the center the motions of
dense clouds observed in mm wavelength lines of CO and
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CS can be accounted for by two closed orbits, x1 and x2, so
named by Contopolous & Mertzanides (1977) in their non-
linear theory of inner Lindblad resonances in galaxies (Lind-
blad (1927); see also Contopolous (1975)). The x2 orbit is
circular and hence its (l, v) diagram is a straight line while
the x1 orbit is an ellipse of high eccentricity, with sharp cusps
at the two ends and its (l, v) diagram resembles a parallelo-
gram (see Figs. 1 and 3 of Binney et al. 1991). The the-
oretical calculation appears to reproduce the large scale (l,
v) diagram of the 21 cm HI emission observed by Burton &
Liszt (1978) in which the longitudinal coverage is ∼3 kpc.
There exist some similarities between the calculated x1 orbit
and observed face-on views of external galaxies (e.g., Re-
gan et al. 1999). The ellipse is seen clearly in the observed
face-on views of external galaxies with bars within bars, e.g.,
Fig. 1a-d of Friedli & Martinet (1993) and Fig. 14 of Ko-
rmendy & Kennicutt (2004). The x1 orbit applied to gas
on the scales of kiloparsecs seems to be well supported by
observations. Many additional studies of the Lindblad reso-
nance applied to large scale GC gas distribution and kinemat-
ics have been published (e.g. Sormani, Binney, & Magorrian
2015a,b,c; Suzuki et al. 2015)
However, application of the theory in Sections 3, 4, and
5 of Binney et al. (1991) to the more than 10 times smaller
volume of the CMZ is questionable. Unlike on kiloparsec
scales there is no observational evidence in the CMZ for the
existence of a barred potential (Kruijssen, Dale, & Longmore
2015). Therefore there is no reason for the existence of an
ellipse with high eccentricity which surrounds a bar. In the
nuclear spirals model of Ridley et al. (2017), based on the
two spiral arms reported by Sofue (1995a) and Sawada et
al. (2004), the x1 orbit is introduced a priori as connecting to
Arm I of Sofue (1995a), but the source of the barred potential
causing the x1 orbit is not identified. We conclude that the
resemblance of the (l, v) diagram of CO emission in the CMZ
to an off-center parallelogram in Fig. 2 of Binney et al. (1991)
(from Bally et al. (1988); see also Blitz et al. (1993)) must be
incidental and that the face-on view of the CMZ as an ellipse
with extremely high eccentricity, which appears for example
in Fig. 2 of Rodrı´guez-Fernandez et al. (2006), Fig. 21 of
Bally et al. (2010), and Fig. 4 of Tsujimoto et al. (2018), is
a chimera. Nevertheless the elliptical x1 orbit has become
popular and the notions of an EMR and the face-on view of
the CMZ being circular seem to have taken a back seat. Few
papers have been published on the EMR after Sofue (1995b).
The “EMR” in Fig. 12 of Sawada et al. (2004) is a misnomer
since the gas motion is tangential to the ring. Our analysis of
the observations presented in this paper revives the circular
face-on view of the CMZ shown in Fig. 1.
2.5. H+3 as a probe for dynamical and morphological
studies of the CMZ
The most extensive spectroscopic survey of gas in the
CMZ has been that of the CO J = 1 → 0 emission line by
Oka et al. (1998b) (Tomoharu Oka of Keio University, not to
be confused with the first author of the present paper). Emis-
sion from this line nearly completely covers the CMZ. In
comparison, the high-resolution H+3 absorption spectroscopy
of CMZ gas reported here has the serious drawback that ob-
servations are limited to sightlines to bright stars with smooth
infrared continua (Geballe et al. 2019a). As mentioned in the
Introduction, such stars are rare. Moreover, while the 45-m
radio dish used by Oka et al. (1998a) and Oka et al. (1998b)
has a beam width of 16′′ corresponding to ∼0.62 pc and ob-
served the frequently highly saturated J = 1 → 0 12C16O
emission, the narrow sightline toward the infrared stars (di-
ameters on the order of 0.′′00001, ∼0.1 AU), can completely
miss localized dense clouds. Because of the limited sight-
lines available, the infrared absorption spectroscopy of H+3
and CO that we have employed is not useful for surveys of
dense clouds in the CMZ.
Despite its limitations the H+3 absorption spectrum is a
powerful probe for surveying the warm and diffuse gas which
dominates the CMZ (volume filling factor ∼2/3; Paper I).
Although the number of observed sightlines is limited, each
sightline probes a long H+3 column, as long as the star used
as a background source is deeply embedded in the CMZ. The
(l, v) diagram derived from the H+3 spectrum provides sig-
nificant information on the dynamics and morphology of the
gas in the CMZ. Absorption spectroscopy is limited to sam-
pling gas in front of the stars, but it has the great advantage
of discriminating between motions toward and away from the
GC. We note that most of the H+3 absorption lines observed
toward stars in the GC are blueshifted and broad, with ve-
locities ranging from ∼−150 to ∼+10 km s−1. This clearly
demonstrates that the diffuse gas in the CMZ is moving away
from the center rather than falling into the center as has been
suggested for dense gas (e.g. Morris & Serabyn 1996). Such
gas motions had been noted earlier from radio observations
of absorption by HCO+ toward Sgr B2 (Linke, Stark, & Fr-
erking 1981) and absorption by H2CO and H I toward Sgr A
(Gu¨sten & Downes 1981). As shown in this paper, spec-
troscopy of H+3 demonstrates that the expanding gas exists
widely in the CMZ.
The peak optical depths of the strongest lines of H+3 are at
most 0.1. Thus unlike the intense radio CO emission spec-
trum, where analysis faces the complication of radiation trap-
ping (Scoville & Solomon 1974; Goldreich & Kwan 1974),
the observed equivalent widths are linearly related to H+3
column densities to a good approximation. This makes the
interpretation of the observed H+3 spectra direct and simple
when viewing dynamical and morphological data. The same
is true for lines of the v = 2 ← 0 overtone band of CO
near 2.34µm, unlike the 130 times stronger CO fundamen-
tal band at 4.5–5.0µm and the pure rotational CO millimeter
wave lines.
2.6. H+3 as a probe of density and temperature
Although not a key part of this paper and covered in previ-
ous papers (e.g., Paper I), it is worth summarizing here the
unique properties of H+3 that allow one to unambiguously
detect and characterize the low density and warm tempera-
ture of the gas in the CMZ (Paper I). These properties are
THE CENTRAL 300 PC OF THE GALAXY PROBED BY H+3 AND CO 5
Figure 2. Rotational levels of H+3 in the ground vibrational state.
This paper is based mainly on velocity profiles of the R(1,1)l ro-
vibrational transition from the ground (1,1) level (wide arrow), with
the R(3,3)l line (narrow arrow) providing supplementary informa-
tion. Lifetimes of th (2,1) and (2,2) levels are shown. For the no-
tation R(1,1)l etc. see Lindsay & McCall (2001), Oka (2013), or
Miller et al. (2020).
illustrated by the energy level diagram in Figure 2 and are
described below.
At typical cloud temperatures in the Galactic disk (a few
tens of degrees) only the two lowest energy levels of the
ground vibrational state of H+3 (J ,K) = (1,1) and (1,0) are
populated. At higher temperatures the next three lower lev-
els, (2,1), (2,2), and (3,3) may come into play. Because H+3
in the (3,3) level cannot radiatively decay, if temperatures are
sufficiently high this level has a significant population and an
ro-vibrational absorption line from it at 3.53µm, the R(3,3)l
line, is detectable. This situation exists in the CMZ and to
date has been found nowhere else. On all sightlines observed
toward stars in the CMZ, the ratio of this line to those from
the lowest lying lines from J = 1 yield temperatures in the
CMZ of ∼200 K (Paper I).
The (2,1) and (2,2) para-levels lie below the (3,3) level and
thus can be collisionally excited at temperatures at which the
(3,3) level is populated, as well as at somewhat lower tem-
peratures. However, both of those levels radiatively decay,
with lifetimes of ∼20 and 27 days, respectively (Mizus et al.
2017; Neale, Miller, & Tennyson 1996), as illustrated in Fig-
ure 2, due to the spontaneous breakdown of symmetry (Oka
et al. 1971; Pan & Oka 1986) The critical densities for these
levels are each ∼200 cm−3 (Oka & Epp 2004). At densities
lower than that significant populations in these levels are not
maintained and lines originating from them will be weak or
absent. The presence of the absorption line from (3,3) and the
complete absence of lines from (2,2) on nearly all sightlines
in the CMZ (Paper I) clearly demonstrate that the CMZ gas
in which the H+3 resides is of low mean density, most likely
∼50 cm−3 (Paper I).
3. OBSERVATIONS
Spectra in this series of papers have been obtained using
five infrared spectrographs at five telescopes, three in Hawaii
and two in Chile. Most of the data were acquired by the
Phoenix Spectrometer (resolving power R ∼ 60,000) on the
8.1-m Gemini South Telescope. Some spectra were obtained
by Cold Grating Spectrometer 4 (CGS4, R ∼ 40,000) on
the 3.8-m United Kingdom Infrared Telescope (UKIRT), the
Cryogenic Infrared Echelle Spectrograph (CRIRES, R ∼
50,000 and 100,000) on the 8.2-m Very Large Telescope
(VLT), and the Gemini Near-Infrared Spectrograph (GNIRS,
R ∼ 20,000) on the 8.1-m Frederick C. Gillett Gemini North
telescope. Details of the spectrometers and data reduction are
given in Section 2.3. of Paper I.
3.1. Bright dust-embedded stars used for the H+3
spectroscopy
The observations were limited to bright (L ≤ 7.7 mag)
dust-embedded stars with smooth infrared continua in the
3.5–4.0µm region and bright emission line stars whose lines
did not coincide with important lines of H+3 . Both types of
stars allow sensitive high-resolution spectroscopy of the key
lines of H+3 . Altogether spectra of the R(1,1)
l line toward 29
stars have been obtained; they are listed in Table 2 of Paper I.
In this paper, to characterize the gas in front of the central re-
gion of the CMZ from Sgr A∗ to 30 pc to the east, we present
spectra of two stars in the Central Cluster (Becklin & Neuge-
bauer 1975; Becklin et al. 1978; Viehmann et al. 2005), two
stars between the Central Cluster and the Quintuplet Clus-
ter, and five stars in the Quintuplet Cluster (Kobayashi et al.
1983; Nagata et al. 1990; Okuda et al. 1990). Three of these
are NHS stars, found by Nagata et al. (1993) and one is an
FMM star (Figer, McLean, & Morris 1999). All nine are high
mass stars and all but two were known prior to the Geballe et
al. (2019a) survey. All exhibit strong absorption lines of H+3
indicating simultaneously their similar depths in the CMZ,
the ubiquity of H+3 in the gas in front of the central 30 pc,
and the abundance of the warm and diffuse gas in which that
H+3 resides.
To study the gas in the rest of the CMZ we have observed
13 of the suitable stars scattered across the CMZ, from 140 pc
to the west of Sgr A∗ to 116 pc to the east, newly found
by the Geballe et al. (2019a) survey. The spectra of nine
of them are presented here. Several additional stars were
found to be foreground stars, but based on the strengths of
their H+3 absorption lines, these nine stars are located deeply
enough in the CMZ to provide valuable data. All of the
newly found stars were known only by their coordinates in
the Two-Micron All Sky Survey (2MASS) catalogue. For
convenience of memory and discussion in Paper I we un-
officially designated the newly found stars using the Greek
alphabet α to λ from the west to east. As the survey found
more suitable stars we designated them by α−, α+, α + −,
etc. We use these designations here.
The newly found stars tend to be clustered. For exam-
ple, close to the western edge of the CMZ and nearly on the
Galactic plane three suitable stars were found (α, α+, and β).
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No stars were found that close to the eastern edge; the closest
are stars λ− and λ − +. The stars do not provide an ideally
sampled (l, v) diagram, but still provide enough information
for a detailed study to be feasible and for key conclusions to
be drawn.
The 18 stars whose spectra are reported here are listed in
Table 1. The table includes the L magnitudes of the stars,
their Galactic longitudes, their distances from Sgr A∗ on the
plane of the sky in the longitudinal (EW) direction, their
latitudinal (NS) distances from the Galactic plane, and the
ranges of LSR absorption velocities of warm diffuse gas ob-
served in H+3 .
3.2. Observed velocity profiles of H+3 : the CMZ’s
contribution
In this subsection we illustrate the general approach to un-
derstanding the absorption spectra of H+3 lines toward stars in
the CMZ by presenting and analyzing the velocity profiles of
H+3 and CO absorption lines toward the bright infrared source
GCS 3-2, located in the Quintuplet Cluster. Profiles of some
of the lines observed toward it are shown in Figure 3.
3.2.1. The R(1,1)l spectrum: subtraction of spectra in spiral arms
For investigating velocity profiles of spectral lines of H+3 ,
the R(1,1)l transition at 2691.443 cm−1 (3.71548µm, thick
arrow in Figure 2) arising from the ground (1,1) level and
having the transition dipole moment 0.119 D, is the optimal
choice; it is the strongest line, it is relatively free from atmo-
spheric interference, and its intensity is nearly independent
of temperature.
A complication in interpreting the absorption velocity pro-
file of this line is that absorption by H+3 can be produced not
only in the CMZ, but also in the three foreground spiral arms
(see the top trace of Figure 3). Fortunately, in dense clouds
absorption lines are also produced by CO, whose overtone
band can be used to clearly identify the contribution of fore-
ground absorption to the H+3 line profiles. In addition the ab-
sorption lines in spiral arm clouds are almost always narrow
and occur at characteristic radial velocities. These aspects
are illustrated in Figure 3, where one can see three sharp opti-
cally thin absorption components in a 2.34-µm CO overtone
line (bottom trace), and similar features contributing to the
H+3 R(1,1)
l line profile (top trace). The three sharp absorp-
tions in both spectra at ∼ −50 km s−1, ∼ −30 km s−1, and
∼0 km s−1 correspond to the velocities of gas in the 3 kpc
arm (Rougoor & Oort 1960), the 4.5 kpc arm (Menon &
Ciotti 1970) and the local arm, respectively. Each of these ab-
sorptions has a small velocity gradient with longitude, which
is used for studies of kinematics and dynamics of the gas (e.g.
Sofue 2006). It is relatively straightforward to subtract them
from the H+3 R(1,1)
l profile to elucidate the spectrum of H+3
in the CMZ. After the subtraction, the R(1,1)l absorption is
an uneven trough with the approximate shape of the shaded
polygon in the third trace of Figure 3.
As will be illustrated in Section 4, on sightlines more dis-
tant from the central region, the velocity dispersion of the
CMZ gas decreases with distance. Near the western edge
Figure 3. Velocity profiles of H+3 and CO lines toward the star
GCS 3-2 adaped from Oka et al. (2005)). Horizontal dashed lines in-
dicate the continuum. Top trace: R(1,1)l profile (see Section 3.2.1.).
Second trace: R(3,3)l profile (see Section 3.2.2.). Third trace: same
as top trace, but with absorptions of H+3 in the dense clouds in
the foreground spiral arms subtracted, to produce the shaded area,
which is that part of the R(1,1)l profile originating in the CMZ.
Bottom trace: CO v = 2 ← 0 R(1) profile, with narrow and
deep absorptions produced mainly at approximately−52,−32, and
0 km s−1 by dense clouds in the three foreground spiral arms. The
shaded rectangles in the upper two spectra depict the velocity extent
of the warm diffuse CMZ gas.
of the CMZ, where suitable stars are available to probe the
gas, the dispersion nearly vanishes, as the motion of the gas
is largely perpendicular to the line of sight. At these loca-
tions it is more challenging to separate the absorption in the
R(1,1)l line due to CMZ gas from that of local arm (except
for the case of the sightline toward Star α; see Section 4.7).
In these cases observations of the R(3,3)l line, which is ab-
sent in the low temperature gas of the spiral arms, are critical
for identifying the presence of low velocity warm diffuse gas
in the CMZ. More details on the spectral features arising in
the foreground spiral arms can be found in Section 5.3.1 of
Paper I.
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Table 1. Observed H+3 R(1,1)
l Spectra
Stars L (mag)a Glon (◦) EW (pc) NS (pc) Velocity range (km s−1)b Note
α 3.79 −1.0463 −138.7 −2.65 (−15, 15) narrow line
α+ 7.02 −1.0417 −138.0 −6.12 (−25, 25) narrow line
β 4.53 −1.0082 −133.4 −4.20 (−15, 15) narrow line
γ 6.41 −0.5442 −68.4 −6.48 (−165, −110) narrow line
δ 6.51 −0.2834 −31.9 1.57 (−163, −116) (−93, 26) two troughs
GCIRS 3 4.84 −0.0576 −0.15 0.07 (−150, ∼0) trough
GCIRS 1W 4.92 −0.0549 0.06 0.15 (−145, ∼0) trough
+ 7.56 0.0300 12.0 −5.88 (−158, ∼0) trough
NHS 21 4.60 0.0992 21.7 −1.27 (−145, −103) (−90, ∼0) two troughs
NHS 42 6.61 0.1479 28.5 0.50 (−147, 17) trough
NHS 25 5.63 0.1591 30.1 −2.69 (−156, 16) trough
η 5.52 0.1631 30.6 −3.92 (−160, ∼0) trough
GCS 3-2 3.16 0.1635 30.7 −2.00 (−145, 15) trough
FMM 362 6.41 0.1787 32.8 −2.67 (−145, −20) trough
θ 6.38 0.2647 44.9 −3.86 (−160, −30) (−15, 15) two troughs
ι 6.58 0.5477 84.5 −1.83 (−115, −40) trough
λ− 6.72 0.7685 115.5 −28.54 (−52, 20) trough
λ−+ 7.06 0.7746 116.2 21.98 (−80, ∼0) trough
aMagnitudes from GLIMPSE IRAC 1 filter, Ramirez et al. 2008), except from Viehmann et al. (2005)
for GCIRS 1W and GCIRS 3.
bValues within parentheses are in LSR and are minima and maxima of continuous ranges of absorption.
3.2.2. The R(3,3)l spectrum: the fingerprint of H+3 in the CMZ
The R(3,3)l line at 2829.935 cm−1 (3.53365µm, narrow
arrow in Figure 2), with transition dipole moment 0.138 D,
arises from the metastable (3,3) level of ortho-H+3 . It is gen-
erally weaker than the R(1,1)l line but its profile is free from
contamination by foreground absorption because of the low
temperature of gas in the spiral arms. Thus, it is the fin-
gerprint by which H+3 in the warm gas of the CMZ can be
unambiguously identified.
Observing this line from ground-based telescopes can be
challenging, however. The frequency of the R(3,3)l line
closely coincides with the strong 2ν2 505 ← 634 transition
of H2O at 2830.008 cm−1. The difference of 0.073 cm−1
corresponds to a Doppler shift of only 8 km s−1. Since the
distribution of atmospheric H2O varies temporarily depend-
ing on the weather, and because the telluric absorption is
strong and broad, correction for this line is more difficult
than correcting for telluric absorption lines of other molec-
ular species, especially at low radial velocities. This usu-
ally makes observations of the R(3,3)l line from telescopes
at the 4200-m summit of Maunakea Hawai‘i (Subaru, Gem-
ini North, UKIRT) more dependable than those from Cerro
Pachon (2715 m Gemini South) and Cerro Paranal (2635 m
VLT) Chile.
The intensity of the R(3,3)l line relative to that of the
R(1,1)l line is sensitive to the temperature of the gas. In
the top trace of Figure 3 note that while the strength of the
R(1,1)l absorption trough toward GCS 3-2 (as well as those
of several other centrally located stars) is roughly constant
across most of its observed velocity range, the depth of the
R(3,3)l line (second trace in Figure 3) first increases toward
more negative radial velocities until ∼ −100 km s−1. This
indicates increasing temperature of the gas with more nega-
tive velocities over the above range.
4. THE SPECTRA
In this section we present and describe the H+3 R(1,1)
l line
profiles toward the 17 of the 18 selected stars (for GCS 3-
2 see the preceding section). We begin with the two stars
in the Central Cluster, move east to two stars in the region
between the Central Cluster and the Quintuplet Cluster, and
then further east to four stars in the Quintuplet Cluster itself.
We then examine the R(1,1)l velocity profiles of two stars
approximately midway between the center and the eastern
edge of the CMZ, and finally those of the two stars closest
to the eastern edge, although still some 25 pc distant from
the edge. To the west of the Central Cluster we show the
R(1,1)l profiles of two stars located between the center and
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the western edge of the CMZ, and lastly, the profiles of three
stars located very close to the western edge.
In determining the presence and extent of the warm diffuse
gas, in almost all cases we rely on the widths of the absorp-
tion troughs of the R(1,1)l lines presented here and the pub-
lished profiles of the R(3,3)l line and/or CO overtone lines
for guidance. We do not present the profiles of the R(3,3)l
line and CO lines here; the reader is referred to spectra of
those lines in Goto et al. (2008), Geballe & Oka (2010), Goto
et al. (2011), Goto et al. (2014), and Paper I.
4.1. Central Cluster : GCIRS 3 and GCIRS 1W
Surrounding the black hole Sgr A∗ and within a radius on
the sky of 0.4 pc are many bright stars of the Central Clus-
ter (see Fig. 2 of Viehmann et al. 2005), spectra of two of
which are shown in Figure 4, GCIRS 3 (upper trace) and
GCIRS 1W (lower trace). A significant difference between
the sightlines toward these stars and that toward GCS 3-2 is
that while the latter probes only diffuse clouds, the former
sightlines cross dense gas in the circumnuclear disk (CND;
Genzel & Townes 1987), which produces the absorption fea-
tures in the two lines shown as well as in the R(2,2)l line,
at ∼50 km s−1 in GCIRS 3 and ∼40 km s−1 in GCIRS 1W
(Goto et al. 2014). Discussions of these features is outside
the scope of this paper.
Like the spectra of H+3 lines toward GCS 3-2, spectra of
GCIRS 3 and GCIRS 1W exhibit broad absorption troughs
due to warm diffuse gas extending from−150 km s−1 to near
0 km s−1. At positive velocities the troughs merge with the
absorption by the dense CND gas mentioned above. There-
fore the velocities at these edges of the troughs are un-
certain, and could be slightly positive. Also, unlike the
spectra toward GCS 3-2 where the depth of the absorption
trough varies fairly smoothly with velocity, the profiles to-
ward GCIRS 3 and GCIRS 1W show significant variations of
depth, indicating variations in the density of the warm diffuse
gas with velocity, and presumably with radial location within
the CMZ on these sightlines. Interestingly both the R(1,1)l
and R(3,3)l lines have absorption features near the radial ve-
locities of the three foreground spiral arms. On the other
hand, spectra of CO overtone lines toward these sources also
have prominent absorptions at all three velocities (−50,−30,
and 0 km s−1), while spectra of the R(2,2)l line show no ab-
sorption except at the positive velocity of the CND (Goto
et al. 2014). We therefore conclude that much of the deep
absorptions in the R(1,1)l line profile at these velocities is
produced by dense gas in the spiral arms. However, because
the metastable (3,3) level is not populated in the cold gas of
the spiral arms, we also conclude that these three absorption
features in the R(3,3)l line are formed in the warm and dif-
fuse gas in the CMZ, and only coincidentally approximately
match the velocities of the foreground spiral arms.
4.2. Stars between the Central Cluster and the Quintuplet
Cluster : + and NHS 21
Figure 5 contains the velocity profiles of the R(1,1)l spec-
tra toward two stars located between the Central Cluster and
Figure 4. Velocity profiles of the R(1,1)l and R(3,3)l lines toward
the Central Cluster stars GCIRS 3 (top) and GCIRS 1W (bottom),
from Goto et al. (2014)). TheR(3,3)l absorption has been scaled by
a factor of 1.3 for ease of compairison. All spectra were recorded
by the CRIRES spectrometer at the VLT. Shaded rectangles indicate
the extents of the warm diffuse CMZ gas (see Section 4.1).
the Quintuplet Cluster, + and NHS 21. Absorption from the
former contains a broad shallow feature similar to that to-
ward GCS 3-2, as well as the three sharp spiral arm features;
the latter are also present in the spectrum of NHS 21. The
broad absorption in the spectrum of NHS 21, however, has a
gap from 103 km s−1 to−90 km s−1, with little or no absorp-
tion. It is tempting to conclude from this that NHS 21 is more
shallowly embedded in the CMZ, but the similar depths of
the troughs suggest otherwise. We suspect that NHS 21 lies
deep within the CMZ, but that warm diffuse gas in the above
narrow velocity range is simply absent on sightlines though
that region of the CMZ.
4.3. Quintuplet Cluster : GCS 3-2, NHS 42, NHS 25, η,
FMM 362
Spectra of H+3 lines toward four of the five bright and
closely spaced infrared Quintuplet stars, for which the Clus-
ter is named: GCS 3-1, GCS 3-2, GCS 3-4, and GCS 4, were
published in Paper I. The four are within 0.7 pc of one an-
other on the plane of the sky. Their velocity profiles are
nearly identical (Paper I, Figure 3); Figure 3 of this paper,
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Figure 5. The velocity profiles of the R(1,1)l line of H+3 observed
toward the Stars + and NHS 21. Both spectra were obtained by the
Phoenix Spectrometer at the Gemini South Observatory. Shaded
rectangles indicate the extents of the warm diffuse CMZ gas (see
Section 4.2).
Figure 6. Velocity profiles of theR(1,1)l lines observed toward four
stars in the Quintuplet Cluster. All of the spectra were recorded by
the Phoenix Spectrometer on the Gemini South telescope. Shaded
rectangles indicate the extents of the warm diffuse CMZ gas (see
Section 4.3).
showing spectra of GCS 3-2, is a representative example. As
discussed in Section 3.2, and illustrated in Figure 3, the CMZ
produces a broad and almost entirely blueshifted absorption
toward GCS 3-2 and the other members of the Quintuplet.
Figure 6 contains the velocity profiles of the H+3 R(1,1)
l
line toward four other stars within the Quintuplet Cluster.
Two of the stars, NHS 42 and FMM 362, are situated near
opposite edges of the Cluster, which has a diameter of ∼2 pc
(Figer, McLean, & Morris 1999). Once the foreground sharp
spiral arm absorptions are removed, each of the four reveals
Figure 7. The velocity profiles of the R(1,1)l line observed toward
the Star θ (top trace), and of the R(1,1)l (second trace), R(3,3)l
(third trace), and CO v = 2← 0R(0) (bottom trace) lines observed
toward Star ι near Sgr B. All spectra were recorded by the Phoenix
Spectrometer at the Gemini South Observatory. Shaded rectangles
indicate the extents of the warm diffuse CMZ gas (see Section 4.4).
a broad absorption trough of extent and shape generally sim-
ilar to that of GCS 3-2. Many of the bright Quintuplet stars
are known to possess energetic winds. However, the overall
similarity of the CMZ profiles both toward them and toward
the stars presented in Section 4.2, which are as much as 20 pc
distant in the plane of the sky, is a convincing demonstration
that the absorptions are not due to localized gas motions as-
sociated with any of the stars but are part of a much larger
scale phenomenon.
4.4. Stars roughly halfway to the eastern edge of the CMZ :
θ and ι
Figure 7 contains spectra toward two stars located 45 pc
and 85 pc to the east of Sgr A∗. They lie between the Quintu-
plet Cluster and the suitable stars found in the survey that are
closest to the eastern edge of the CMZ. Very roughly speak-
ing these two stars are halfway between Sgr A∗ and the east-
ern edge of the CMZ.
Interpretation of the R(1,1)l spectrum toward Star θ (top
trace), which is the nearer of the two to the center, is some-
what of a challenge. Blueshifted absorption in this line ex-
tends to ∼ −160 km s−1. Its assignment to warm diffuse gas
is consistent with our (unpublished) spectrum of the R(3,3)l
line, which shows absorption to approximately that velocity.
At velocities more positive than −60 km s−1 absorption is
contributed by H+3 in the spiral arms near −51 km s−1 (3 kpc
arm), −32 km s−1 (4.5 kpc arm) and −1 km s−1 (local arm),
as attested to by the sharp absorption features in the CO over-
tone lines (see Fig. 6 of Paper I). However, the deep shoulder
between the −51 km s−1 and −32 km s−1 features, which is
not observed toward other stars, suggests that the trough of
absorption by warm diffuse gas extends to ∼ −30 km s−1.
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The R(3,3)l line profile also contains absorption in the −60
to −30 km s−1 interval. In addition, both the R(1,1)l and
R(3,3)l lines show absorption from−15 to +15 km s−1. The
lack of absorption near −20 km s−1 implies that the trough
has a narrow gap centered near that velocity.
The sightline toward Star ι (2MASS 17470898−2829561),
located midway between Sgr B1 and Sgr B2, is unique in
showing very broad, deep, and structured absorption profiles
in lines of both H+3 and the CO overtone band, extending
from ∼ −100 km s−1 to ∼ +100 km s−1 (lower three traces
of Figure 7; see also Geballe & Oka 2010). The strength
of the CO absorption indicates that the CO is located in a
number of dense clouds on this sightline. Because at positive
velocities the pure rotational CO J = 1 − 0 emission profile
in Sgr B at this location (Oka et al. 1998a) roughly resembles
these infrared profiles, Star ι must be located within the Sgr
B cloud complex. The sharp absorption at−43 km s−1 in the
COR(0) line, other low J CO lines (Fig. 6 of Paper I), and in
the H+3 R(1,1) line together with its absence in the H
+
3 R(3,3)
line demonstrate that this feature is produced by dense gas in
the 3 kpc arm. Nearly all of the rest of the absorption in this
nearly 200 km s−1 wide interval arises within the CMZ.
At the highest negative velocities, between −70 and
−115 km s−1, absorption in the R(1,1)l and R(3,3)l lines is
strong, but is virtually absent in CO (Figure 7) and in the
R(2,2)l line (Paper I, Fig. 8). Thus the absorbing H+3 in
this velocity interval is located in warm and diffuse gas in
the CMZ. Absorption in the R(2,2)l line is also weak or
absent from −70 to −40 km s−1 (Paper I). Therefore, the
R(3,3)l absorption from −70 km s−1 to −40 km s−1 is also
produced largely in diffuse gas. Thus, as found elsewhere in
the CMZ, warm diffuse gas is present on this sightline over a
wide range of negative velocities, in this case definitely from
−115 km s−1 to−40 km s−1. Warm diffuse gas may also be
present at less negative than −40 km s−1 as it is elsewhere;
however, its unique signatures are hidden by the signatures
of warm dense gas in this velocity range. Additional spectra
and discussion of this interesting sightline will be presented
in a separate paper (Geballe et al. in preparation).
4.5. Stars Nearest to the Eastern Edge : λ− and λ−+
The two stars whoseR(1,1)l spectra are shown in Figure 8,
λ− and λ−+, are each ∼25 pc from the eastern edge of the
CMZ. They are also much further displaced (in latitude) from
the Galactic plane than any of the other stars in the sample.
Nevertheless, their spectra provide evidence that the sightline
to each of them passes through CMZ gas.
The R(1,1)l line profile toward Star λ− (upper trace)
shows absorption between ∼−90 km s−1 and ∼+20 km s−1.
The detection of absorption between ∼−90 km s−1 and
∼−60 km s−1 is clearly marginal; however the profile of
the R(3,3)l line in Paper I (Fig. 7) also shows continu-
ous absorption in this velocity range (and extending contin-
uously into positive velocities), and we therefore conclude
that warm diffuse gas is present to velocities as far negative
as −90 km s−1. Absorption by dense gas in the foreground
spiral arms may be present, but the broad R(3,3)l line profile
Figure 8. The velocity profiles of the R(1,1)l line observed toward
the λ− and λ − +. Both spectra were recorded by the Phoenix
Spectrometer at the Gemini South Observatory. The low resolu-
tion dotted spectrum in the lower trace was recorded by the GNIRS
spectrometer at the Gemini South Observatory. Shaded rectangles
indicate the extents of the warm diffuse CMZ gas (see Section 4.5).
clearly demonstrates the existence of warm gas over its wide
range of absorption velocities.
The higher-resolution and lower-resolution R(1,1)l spec-
tra toward Star λ − + (lower trace) are generally consistent
with one another. Both spectra reveal an absorption trough
starting at ∼ −80 km s−1. Although it is likely that there is
contamination of the profile by foreground dense spiral arm
gas at∼−45 km s−1 and−25 km s−1, the trough may extend
to 0 km s−1.
Thus, the velocity extents of the troughs toward both of
these stars are somewhat uncertain. However, the key con-
clusion from these spectra is that the absorptions by warm
diffuse CMZ gas in these easternmost stars do not extend to
the highest negative velocities seen toward each of the other
eastern stars closer to the Central Cluster.
4.6. Stars Between the Central Cluster and the Western
Edge of the CMZ : δ and γ
We now consider the spectra of stars to the west of the Cen-
tral Cluster that surrounds Sgr A∗. Compared to the eastern
side of the CMZ, fewer suitable stars are available Geballe
et al. (2019a). Several of them were found to exhibit lit-
tle or no absorption due to H+3 , indicating that they are not
deeply embedded in the CMZ (see footnote for Table 2 Pa-
per I). However, the spectra of H+3 toward two stars located
between the center and the western edge and three stars that
are very close to the western edge provide important infor-
mation on the extent and kinematics of the warm diffuse gas
in the CMZ.
Figure 9 contains the spectra of theR(1,1)l line towards the
two intermediate western stars. Star δ (upper trace) is located
some 30 pc from Sgr A∗, at the same distance from it as is the
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Figure 9. The velocity profiles of the R(1,1)l line observed to-
ward the stars γ and δ. Both spectra were recorded by the Phoenix
Spectrometer in the Gemini South Observatory. Shaded rectangles
indicate the extents of the warm diffuse CMZ gas (see Section 4.6).
Quintuplet Cluster on the opposite side. Like the stars in that
cluster, its spectrum contains an extensive absorption trough,
from ∼−160 km s−1 to ∼20 km s−1, albeit with narrow gap
in the absorption from −110 km s−1 to ∼ −90 km s−1.
The R(1,1)l velocity profile toward Star γ (Figure 9, lower
trace), in the Sgr C complex located ∼70 pc to the west of
Sgr A∗ and thus approximately midway between the center
and the western edge of the CMZ, is unique among all of the
observed spectra in that it is entirely highly blueshifted, ex-
tending from −165 km s−1 to −110 km s−1, with no trough
extending to less negative velocities. The same broad ab-
sorption is also present in our unpublished spectrum of the
R(3,3)l line. The absorption in the R(1,1)l lines has a sharp
peak centered at −136 km s−1. The triangular profile of the
R(1,1)l absorption line is reminiscent of the OH radio ab-
sorption line in Fig. 2 of Bolton et al. (1964b). Although the
CO spectra on this sightline show narrow absorption lines
centered at at −136 km s−1, they are rather weak; moreover
there is no absorption in theR(2,2)l line of H+3 (see Figures 6
and 8 and Table 3 of Paper I). Therefore, although the sharp
R(1,1)l absorption peak at−136 km s−1 may be partly due to
the contribution of a dense cloud, the bulk of the absorption
profile must be due to H+3 in the diffuse gas of the CMZ. The
lack of an absorption trough extending from −90 km s−1 to
less negative velocities is discussed further in Section 5.
4.7. Stars at the Western Edge of the CMZ : α, α+, and β
Velocity profiles of the R(1,1)l line of H+3 toward three
bright stars, α, α+, and β at the western edge of the CMZ
and close to the radio complex Sgr E are shown in Figure 10.
They, together with spectra of the R(3,3)l line and overtone
CO lines toward them presented in Geballe & Oka (2010),
Goto et al. (2011), and in Paper I, have played an essential
Figure 10. Velocity profiles of the R(1,1)l line observed toward
three stars at the western edge of the CMZ. All spectra were
recorded by the Phoenix Spectrometer at the Gemini South Obser-
vatory. Shaded rectangles indicate the extents of the warm diffuse
CMZ gas (see Section 4.7).
role in our overall understanding of dynamics and morphol-
ogy of the CMZ warm and diffuse gas.
None of the spectra of Stars α, α+, and β contains the
broad absorption troughs that are so characteristic of almost
all of the spectra toward stars that are not on the edges of the
CMZ. Instead each of these stars contains three fairly nar-
row absorption features at negative velocities, and a strong
absorption centered at 0 km s−1. This last absorption com-
ponent, highly important in understanding the kinematics of
the warm and diffuse gas throughout the CMZ, is discussed
following descriptions of the other absorption features.
4.7.1. Absorption by localized dense clouds in the CMZ
The two most negative absorption velocities, at ∼
−205 km s−1 and∼−170 km s−1 (with some variation from
one sightline to another) are seen toward all three stars. They
match the velocities of two high velocity dense clouds pre-
viously observed by Liszt (1992) in 13CO (see the (l, v)
diagram of his Fig. 3). They also match absorption veloc-
ities in spectra of overtone CO lines toward some of these
sources (Geballe & Oka 2010; Paper I). In addition, emis-
sion at these velocities is also seen in far-infrared emission
lines of C II and N II in this region (Langer et al. 2015),
which must arise in diffuse gas associated with the dense
clouds. A third strong negative velocity absorption in the
H+3 spectra, near−60 km s−1, is due to foreground dense gas
in the 3 kpc spiral arm. All of these dense clouds are of mi-
nor interest for this paper and are not discussed further. In
addition to them, the R(1,1)l spectrum toward Star α+ (Fig-
ure 10, middle trace) contains a narrow absorption centered
at +51 km s−1, not present in the spectra of the other two
stars.
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All of the absorptions at negative velocities are strongly
present in spectra of the overtone CO lines (Oka et al. (2019)
and unpublished data), further demonstrating that the clouds
producing them are dense. The presence of weak absorption
in theR(3,3)l line at∼−205 km s−1 and∼−170 km s−1 to-
ward stars α and α+ (see Figure 7 of Paper I) shows that the
temperatures in these dense clouds are higher than in clouds
in the Galactic disk, but are lower than 200 K in the diffuse
gas that permeates the CMZ. Toward star β the R(3,3)l high
velocity absorption features are stronger relative to those in
the R(1,1)l profile, indicating somewhat warmer tempera-
tures in those parts of the high velocity clouds.
Absorption by the +51 km s−1 cloud in the R(3,3)l line is
completely absent (Paper I, Fig. 7), demonstrating that the
temperature of that cloud is significantly below the mean
temperature of the diffuse gas in the CMZ. Although the
+51 km s−1 cloud probably lies within the CMZ we are un-
certain of its location.
4.7.2. The Absorptions near 0 km s−1
We now turn to the unusually strong absorption features
at 0 km s−1, which have full widths at zero intensity rang-
ing from 30 to 50 km s−1 toward stars α, α+, and β. This
absorption feature toward Star α+ in Figure 10 is the deep-
est single interstellar absorption feature in all H+3 spectra ob-
served to date on any sightline. Toward Star α+ and Star
β, absorption by CO overtone band lines is observed near
0 km s−1, implying that dense gas in the local arm contributes
to the absorption in the R(1,1)l line toward these two stars.
However, because strong absorption at 0 km s−1 is present in
the R(3,3)l line toward all three stars (Fig. 7 of Paper I), it
is clear that large column densities of warm diffuse CMZ gas
at very low radial velocities, are also present on these two
sightlines.
Surprisingly, no absorption near 0 km s−1 in the overtone
band lines of CO is detected toward Star α (Geballe & Oka
2010, see also Paper I). Thus there are no dense clouds in the
local arm on the sightline toward this star to contaminate the
spectrum of the R(1,1)l line at low radial velocities. Diffuse
gas in the local spiral arm could be present on this sightline
and the H+3 it might contain could produce an absorption fea-
ture at low velocity. However, the strong absorption in the
R(3,3)l line at this velocity shows that the deep absorption at
0 km s−1 in the R(1,1)l line must be produced largely, if not
entirely by warm H+3 within the CMZ.
In summary, although in the central part of the CMZ
the absorption by H+3 in the warm and diffuse gas exists
over a wide range of blueshifted radial velocities as high as
∼−150 km s−1, at the western edge of the CMZ the warm
diffuse gas exists only over a narrow range of radial veloci-
ties close to 0 km s−1.
5. DYNAMICS AND MORPHOLOGY
It was postulated in Paper I, but not demonstrated in detail,
that the warm diffuse gas in the CMZ is undergoing a radial
expansion that originated near the center of the CMZ. In this
section we examine that proposition more thoroughly, draw-
ing upon the velocity profiles of the R(1,1)l line of H+3 pre-
sented in Section 4. We also compare our results to the earlier
studies of the motion, morphology, and physical properties
of the EMR by Kaifu, Kato, & Iguchi (1972) and Scoville
(1972).
5.1. The data
The Galactic longitudes of the stars and ranges of radial
velocities in which the warm diffuse gas is present, based on
the spectra of the R(1,1)l line of H+3 presented in Section 4,
are summarized in Table 1. Most of the sightlines contain
broad blueshifted “troughs” of absorption by this gas. Most
of these troughs have one edge at large negative velocity, well
in excess of −100 km s−1, and the other edge at a velocity
near zero. There are some variations, however. The troughs
of three stars (δ and θ) are not continuous, but contain nar-
row gaps, which may indicate the existence of voids of the
warm and diffuse gas in parts of their sightlines or simply
non-continuous distributions of velocities. For some other
sightlines the edge of the trough near 0 km s−1 could not be
clearly located, because the trough merges with absorption
by warm dense gas likely located in the CND (GCIRS 3 and
GCIRS 1W) and/or overlaps with strong foreground absorp-
tion by cold gas in the local arm, as discussed in Section 4.
For those stars the upper limits to the troughs are shown as
∼0 km s−1 in Table 1. For others the trough extends slightly
to positive radial velocities.
For four stars broad troughs are missing and the absorp-
tions by warm diffuse gas are narrow. For the three stars at
the western edge of the CMZ, α, α+, and β, this is under-
standable in our interpretation that their sightlines are per-
pendicular to the motion of the gas (Section 5.2.). Star γ lo-
cated midway between the center of the CMZ and its western
edge, shows only warm diffuse gas at high negative veloci-
ties. In this case the explanation may be that this star is lo-
cated near the front surface of the CMZ, which, as discussed
in Section 5.2, is expanding radially at high velocity.
Finally, for Star ι, the sightline which intersects the Sgr B
molecular cloud complex, unlike any of the other sightlines
the broad absorption seen toward it extends to high positive
velocities. Because strong absorption at these velocities is
also present in spectra of the overtone CO lines (Figure 7),
much of the warm gas in which these absorptions arise must
be dense and be associated with Sgr B. However, as noted
in Section 4.4, warm diffuse gas is clearly present at high
negative velocities and may extend to very low negative ve-
locities. We conclude that this gas is in the CMZ, but is in
front of Sgr B and is not associated with it.
5.2. The (l, v) diagram of the warm diffuse CMZ gas
The data in Table 1 are plotted in the (l, v) diagram
shown in Figure 11. The green semicircle of radius 1◦ and
150 km s−1 indicates the outer edge of the warm (T ∼
200 K) and diffuse (n ∼ 50 cm−3) CMZ gas, assumed to be
expanding radially at 150 km s−1, approximately at the same
velocity as the EMR.
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Figure 11. The (l, v) diagram for the observed velocity profiles of the H+3 toward 18 stars, created using the data compiled in Table 1. Galactic
longitude is given at top and longitudinal distance from Sgr A∗ (at Glon = −0.056◦) in pc is at bottom. Approximate Glon and distances of
Sagittarius radio sources with respect to Sgr A∗: Sgr E (−1.079◦, −143 pc); Sgr C (0.571◦; −72 pc); Sgr B1 (0.506◦, 79 pc), Sgr B2 (0.667◦,
101 pc), and Sgr D (1.126◦, 166 pc) are shown at bottom. The semicircle indicates the front of the expanding gas with radius 1◦ and velocity
of 150 km s−1. The black vertical line segments indicate the ranges of radial velocities for which absorption by warm diffuse gas is detected.
Individual sightlines are labeled. For Star ι note the discussion at the end of Section 4.4.
As can be seen in the figure, the highest observed negative
radial velocities of the warm diffuse gas match this simple
model very well. The largest deviations are somewhat to the
west of center, where the sightlines to Stars γ and δ contain
gas at moderately higher maximum negative velocities than
the model. These might be explained by asymmetries in the
initial ejection of the gas or in preexisting density nonuifor-
nities in the CMZ.
The close match between the highest negative velocities in
the H+3 absorption troughs and the velocities observed in the
EMR strongly indicates that the warm diffuse gas observed at
the highest velocities is located at or close to the EMR, lend-
ing strong support to an interpretation of the spectra as the
result of radial expansion. The warm diffuse gas observed
at lower velocities on these sightlines would then lie inside
the CMZ (as is suggested by the velocity profile of Star γ in
Figure 9). This interior gas must also be undergoing largely
outward radial motion. Little or none of it is falling toward
the center (a possibility that might have been expected be-
cause of the gravitational potential; see Section 6.3). If some
of it were infalling, absorption would also be expected to be
present over an extensive range of positive velocities. Such
absorption is not observed. Finally and most critically, the
considerably lower radial velocities observed toward the two
stars near the eastern edge of the CMZ, and in particular the
very low radial velocities and narrow velocity ranges seen on
sightlines to the three stars close to the western edge of the
CMZ, are key support for the radial expansion interpretation.
This is because (1) radial expansion viewed at the edges of
the CMZ is perpendicular to the line of sight, and (2) the
strengths of these absorptions imply column lengths of tens
of pc (Paper I).
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Figure 12. Comparisons between the (l, v) diagram of the front surface of the expanding diffuse gas obtained from H+3 (green lines) and the
those of the EMR by Kaifu, Kato, & Iguchi (1972) (left panel, continuous line) and Scoville (1972) (right panel, continuous line). Kaifu et
al. used the contour map of the 1667 MHz OH absorption reported by McGee (1970) to draw the front half of the EMR and two 1.3 cm NH3
emission lines (shaded rectangles) to fit the back part of the EMR (left panel, dashed line). Scoville’s (l, v) diagram is based on an absorption
line of H2CO.
Note that apart from the velocity profile toward Star ι, none
of the spectra of H+3 lines reveals warm diffuse highly red-
shifted gas. In a symmetric radial expansion such gas should
be present if the background stars are spread throughout the
front and rear halves of the CMZ. As discussed in Paper I, we
believe that the absence of redshifted H+3 is a selection effect,
largely the result of the brightness constraint imposed in or-
der to obtained spectra of H+3 of sufficient quality. The exis-
tence of highly redshifted gas in the EMR is demonstrated by
the radio observations of Kaifu, Iguchi, & Kato (1974) and
Scoville (1972).
5.3. Comparison with (l, v) diagrams of Kaifu et al. and
Scoville
In Figure 12 the (l, v) diagrams of the EMR obtained from
radio absorption spectra of OH by Kaifu, Kato, & Iguchi
(1972) and of H2CO by Scoville (1972) are compared with
the simple (l, v) diagram based on the highest observed ve-
locities of H+3 (Figure 11). In view of the simplicity of the fit
to H+3 data, based on widely spaced data points, and the low
resolution of the radio data, the infrared and radio diagrams
are in good agreement. The (l, v) diagrams and properties of
the EMR are discussed in more detail below.
5.3.1. Dense or diffuse gas
While the expanding gas observed in H+3 has a low mean
density (n ∼ 50 cm−3, Paper I), both Kaifu, Kato, & Iguchi
(1972) and Scoville (1972) reported the gas forming the
EMR to be dense (n ≥ 103 cm−3). Kaifu et al. used the
(l, v) diagram of the strongest hyperfine component of the
Λ = 3/2 OH Λ-doubling transition at 1667.36 MHz reported
by McGee (1970) to draw the front half of the EMR and used
observations of radio NH3 emission lines at two locations to
aid in filling in the rear half. From the NH3 emission they
concluded the gas density in the EMR to be 103–104 cm−3.
The two data points of NH3 (see Figure 12 left) may well
be coincident with the EMR, but we believe that determin-
ing the density of the EMR from NH+3 emission is not justi-
fied. The OH lines are more likely to result from the absorp-
tion of scattered microwave radiation from the Galactic cen-
ter than from the cosmic microwave background. Because
of the large beam size (12.′2 at the 210 ft Parkes telescope,
McGee 1970) detailed analysis of the OH data is a complex
and nearly impossible task. Nevertheless, that the 18 cm line
is in absorption suggests much lower densities than assumed
by Kaifu, Kato, & Iguchi (1972).
The (l, v) diagram proposed by Scoville (1972) is based
on the radio absorption spectrum of the H2CO 110 ← 111
THE CENTRAL 300 PC OF THE GALAXY PROBED BY H+3 AND CO 15
K-doubling transition at 4829.73 MHz (6.2 cm). However,
the density of the EMR, nH2 > 10
3 cm−3 adopted by him is
based on the J = 1 → 0 CO line emission. CO emission
in this line is ubiquitous in the CMZ and we believe that an
estimation of the density of gas in the EMR from it is not
justified. The excitation of the energy levels of theK-doublet
of H2CO is a complex problem (Townes & Cheung 1969;
Oka 1970) and the determination of cloud density based on
its absorption spectrum is even more complicated than that
for OH.
From these considerations and the good agreement of the
(l, v) diagram for the front of the expanding gas and the
EMR, we believe that the gas in the EMR, which is located at
the outer edge of the CMZ, has similar properties to the dif-
fuse gas observed in H+3 throughout the CMZ and that they
are physically connected. We note that in the spectra pub-
lished in Paper I there are a few sightlines where weak ab-
sorption by overtone lines of CO is present at negative veloc-
ities near −150 km s−1, suggesting that there is some dense
molecular gas in the CMZ that is near or part of the EMR.
That would not be surprising, as high velocity gas within the
CMZ should be impacting the EMR and driving it outward.
In addition the EMR must be colliding with and accumulat-
ing gas from the external interstellar medium. Both of these
processes will tend to increase the density where the impacts
are occurring and thus it is conceivable that the EMR con-
tains regions of dense molecular gas. However, based on
spectroscopy of H+3 and the CO overtone band lines, these
regions appear to be few and far between. Reducing the den-
sity of the gas in the EMR by 1–2 order of magnitude, as
suggested above, brings the kinetic energy of the EMR re-
ported by Kaifu, Kato, & Iguchi (1972) (1055–1056 erg) and
Scoville (1972) (> 6 × 1053 erg) into better agreement with
the kinetic energy of the EMS (2 × 1054 erg) estimated by
Sofue (1995b).
5.3.2. Ring, filled disk, or both?
Both the high column densities of H+3 and the broad ab-
sorption troughs of its R(1,1)l and R(3,3)l lines on many
sightlines, as illustrated in Figure 11, lead to the conclusion
in Paper I that warm diffuse gas fills much of the CMZ. In
contrast, the (l, v) diagrams of OH and H2CO indicate rings
of molecular gas with a void in the center. Although quantita-
tive analysis is complicated for OH and H2CO and is beyond
the scope of this paper, we suspect that the differences in the
distributions of these species are related to differences in their
chemistries. The molecular ion H+3 , being extremely active
chemically, has a very short lifetime in the CMZ, where elec-
trons abound due to rapid ionization of H and H2 by the high
cosmic ray flux. From the high rate constant for dissociative
recombination ∼ 10−7 cm3 s−1 at T ∼ 200 K (McCall et al.
2004) and the high electron number density ne ∼ 0.33 cm−3
(Paper I), the lifetime of an H+3 ion in the CMZ is estimated
to be on the order of years. Thus, H+3 is constantly being
created and destroyed throughout the CMZ and should be
distributed more or less uniformly in it.
On the other hand, OH and H2CO have much longer lives
and their distributions are more specific to the environment.
They have 1000 times higher rates of photodissociation by
FUV than H+3 (van Dishoeck 1988; Heays, Bosman, & van
Dishoeck 2017). The UV field has been estimated to be
1,000 times higher in the CMZ than in the solar neighbor-
hood (Rodrı´guez-Fernandez et al. 2004). In the CMZ most
of the stars, including many of the hottest and most lumi-
nous ones, e.g., those in the Central, Quintuplet, and Arches
clusters, are centrally concentrated. Hence, the UV inten-
sity should decrease with distance from the center beyond
∼30 pc, apart from local effects. This may result in the abun-
dances of OH and H2CO increasing with increasing distance
from the center, showing peaks at the EMR, and thus appear-
ing as rings. Readers are also referred to the (l, v) diagram
of OH absorption in Fig. 9 of Cohen & Few (1976), where
the filling inside the EMR for this molecule seems somewhat
more uniform than in Figure 12 (left panel).
5.3.3. Rotation?
While the (l, v) diagram of H+3 is interpreted as due
to purely expanding gas in this paper, both Kaifu, Kato,
& Iguchi (1972) and Scoville (1972) interpreted their (l,
v) diagrams as indicating an expanding and rotating ring
with expansion and rotational velocities 130±5 km s−1 and
50±20 km s−1, and 145 km s−1 and 50 km s−1, respectively.
The difference between their estimates and ours stems from
the difference in symmetries with respect to Glon. In Fig-
ure 12, the (half) ellipse drawn as showing the front of the
expanding gas based on spectra of H+3 is symmetric with re-
spect to longitudinal distance from Sgr A∗ while the elliptical
fits to the (l, v) diagrams of OH and H2CO are not. How-
ever, in our examination of the contour plots of these two
molecules without the elliptical fits, we do not see convinc-
ing evidence for this asymmetry.
The essential difference between the half ellipse obtained
from H+3 and the ellipses derived for the EMR is that while
the former gives zero radial velocity at the westmost edge, the
latter extend farther to negative velocities to the west because
of the asymmetry with respect to Glon. If the latter were
correct, the OH ellipse implies that an absorption trough of
H+3 would be present from 0 to ∼ −80 km s−1 in the spectra
toward Stars α, α+, and β; the H2CO ellipse would predict
an absorption trough from 0 to∼−120 km s−1. Such troughs
are not seen in H+3 , demonstrating that the asymmetry does
not exist and that the EMR is not rotating.
6. ORIGIN AND FUTURE OF THE RADIAL
EXPANDING GAS
The concerted gas motion away from the center discov-
ered by Kaifu, Kato, & Iguchi (1972) and Scoville (1972)
and confirmed in this paper must be either the result of a
large accumulation of energetic stellar events or the result of
one or more much more energetic expulsion events near the
center in the recent past, possibly associated with Sgr A∗. In
the following sections we attempt to constrain the possible
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explanations of the observed radial expansion and to predict
the future of the CMZ’s diffuse gas.
6.1. Momentum considerations
Using the estimated mean density and filling factor of the
warm diffuse gas, the total mass of the warm diffuse expand-
ing gas was calculated in Paper I to be 6×106M (see Paper
I, Table 7). For comparison, the mass of the EMR had been
estimated to be 3×106M by Scoville (1972) and 1×107M
by Kaifu, Iguchi, & Kato (1974). However, as discussed in
Section 5.2.1 we believe their estimates of density are too
high by 1–2 orders of magnitude.
We estimate that the current radial momentum of
the CMZ’s warm diffuse gas to be approximately 5 ×
108M km s−1 (using a mean gas velocity v of 75 km s−1).
This is comparable to that generated by approximately 104
core-collapse supernovae, assuming that each supernova
ejects 10M at an average speed of 3,000 km s−1. Note that
this estimate is a lower limit, because the radial momentum
of the CMZ gas decreases with time as a consequence of the
gravitational attraction by the enclosed mass, as discussed
below. The current kinetic energy of this gas (assuming a
mean v2 of 104 km2 s−2) is ∼ 5× 1053 erg.
This decrease in radial momentum is significant. A crude
characteristic expansion time of the CMZ gas, assuming the
current maximum velocity of 150 km s−1 and the CMZ ra-
dius of 150 pc, is∼ 1×106 yr. Using Fig. 14 of Sofue (2013),
Geballe, Oka, & Goto (2019b) estimate that the deceleration
due to gravity from a distance of 30 pc from Sgr A∗ to the
edge of the CMZ at r = 150 pc is ∼ 1 × 10−6 cm s−2. Be-
cause of the gravitational potential, in one million years gas
ejected into the CMZ near its center would have decelerated
by a few hundred km s−1 from an initially much higher ve-
locity than the maximum velocity of 150 km s−1 presently
observed. This implies that the current radial momentum
in the outflowing gas is considerably less than half of what
it was one million years ago. Using a shorter characteris-
tic time to account for the deceleration, would still require a
much higher initial radial momentum than the above value.
The supernova rate in the CMZ has been variously esti-
mated to be (1-10) ×10−4 yr−1 (Crocker et al. 2011; Zubo-
vas, Wynn, & Gualandris 2013). Even the highest estimated
rate would fall short of generating the current radial mo-
mentum by an order of magnitude in one million years, and
by more if the larger initial radial momentum required by a
shorter characteristic time are used.
The radial momentum of the CMZ gas also exceeds, by a
much larger factor, the total radial momentum generated by
winds of all of the several hundred massive stars of the three
massive clusters (Central, the Quintuplet, and the Arches) in
the central 30 pc of the CMZ during their few million year
lifetimes. Assuming each star ejects 10M of its mass at
1,000 km s−1 before exploding, 3 × 104 such stars would
be required to account for the observed radial momentum,
two orders of magnitude more than are currently present.
Although estimates are highly uncertain, normal red giants
might have contributed an appreciable fraction of the current
mass and radial momentum of the CMZ, but they cannot be
responsible for the high velocities that are observed for much
of this gas.
The births of the above three massive clusters, must have
been accompanied with ejection of large mass with high ve-
locities. Their time of formation 4.8 million years ago for
the Quintuplet Cluster (e.g. Schneider et al. 2014) and 2.5
million years ago for the Arches Cluster (e.g Espinoza, Sel-
man, & Melnick 2009), however, are much greater than the
characteristic expansion time of the CMZ and EMR gases.
6.2. Past explosive events
In view of the above discussion, one must consider whether
the expanding gas was produced by some other means. Pos-
sibly, the gas is the aftermath of one or more explosive events
in the nucleus associated with the supermassive black hole.
In view of the above estimates of the characteristic time such
events would have occurred several hundred thousand to one
million years ago. Both Kaifu, Kato, & Iguchi (1972) and
Scoville (1972) invoked such events to account for the EMR.
Expulsion events have been previously suggested by many
authors. In a series of papers on north and south radio spurs
beginning with Sofue (1973), Sofue proposed that the spurs
are results of star bursts near the GC, contrary to the con-
sensus at the time that they are supernova remnants in the
vicinity of the solar system. His magnetohydrodynamic wave
calculation (Sofue 1976, 1977) based on Uchida (1970) pro-
vided support for the idea. Observations of radio continuum
emission by Sofue and Handa (1984) revealed a giant Q-
shaped radio loop, the Galactic center lobe (GCL). This result
together with X-ray maps by McCammon et al. (1983) and
McCammon & Sanders (1990) led Sofue (1994) to propose
that a giant explosion at the GC, of energy 3 × 1056 erg, oc-
curred 15 million years ago. From further studies of X-rays
via ROSAT all-sky maps (Snowden et al. 1997) and adia-
batic shock wave calculations based on Sakashita (1971) and
Mo¨llenhoff (1976), Sofue (2000) proposed a bipolar hyper-
shell model for the ejecta. This model can be considered as
anticipating the discovery of the bipolar γ-ray Fermi Bub-
bles (Dobler et al. 2010; Su, Slatyer, & Finkbeiner 2010).
Although estimated ages of the Fermi Bubbles vary by large
factors, they generally suggest an explosion at the GC about
10 million years ago. The relation between microwave lobes,
X-ray and γ-ray maps, all indicating explosive events in the
GC, are discussed in Kataoka et al. (2018) and Sofue (2019).
These events appear to be more than than 10 times older and
possessing much higher energy than could account for the
current state of the warm diffuse CMZ gas reported here.
The 430 pc bipolar radio bubble recently detected by
MeerKAT (Heywood et al. 2019) indicates explosive events
of much smaller scale both in time (a few million years) and
total energy (7 × 1052 erg). However, the gas velocity of
30 km s−1 (Law et al. 2009) used for estimating the time may
well be much larger. If so the time since the event occurred
is under one million years in agreement with estimate in this
paper. Indeed the value of “a few times 105–106 years ago”
given by Yusf-Zadeh & Wardle (2019) contains an estimate
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of somewhat less than 1 million years, well within our pro-
posed range of ages. The energy of the expanding CMZ gas
of 5 × 1053 erg is an order of magnitude higher than the es-
timated energy of the radio lobe. Together with the question
of why the explosion energy is in-plane, further discussion
of these issues is left for the future. From the agreement of
the ages of these events, it is possible that the expanding gas
observed in H+3 and the MeerKAT radio bubble have been
caused by the same explosive event.
6.3. Deceleration and future infall of the CMZ gas
Currently, there is no evidence that at the present time the
expanding diffuse gas that the CMZ contains is being actively
driven outward. It is thus of interest to consider the effect
of gravity on the gas. The deceleration by the gravitational
force from the enclosed mass of the Galaxy (Sofue 2013,
Fig. 14) increases rapidly from 30 pc from the center inward,
but is fairly constant at approximately 1 × 10−6 cm s−2 be-
tween 30 pc and 150 pc from Sgr A∗. As discussed earlier,
the decrease in radial velocity over the characteristic time
of 1 × 106 yr for the expanding gas, is then approximately
300 km s−1. This is roughly twice the observed current max-
imum expansion velocity of the warm diffuse gas. If the char-
acteristic time is roughly half of the above value, due to tak-
ing into account the previous deceleration of the gas, the de-
crease in velocity is equal to the current maximum expansion
velocity (See Appendix for a formal calculation).
As can be seen in Fig. 14 of Sofue (2013)), beyond the
radius of the CMZ, the enclosed mass increases slightly less
rapidly with distance from the center than at smaller radii.
However at 300 pc the deceleration due to gravity has only
decreased to two-thirds the above value. Thus it is clear that
the expanding gas in the EMR and CMZ will not escape from
the Galactic center. A more quantitative calculation given in
the Appendix leads us to the same conclusion.
The above considerations suggest the following scenario.
The expansion of highest velocity warm diffuse gas will end
in roughly 5× 105 yr. Outward motion of the lower velocity
gas in the interior of the CMZ will end sooner. Warm diffuse
gas will begin to fall back towards the center. Gas densities
in the inner part of the CMZ will increase and new episodes
of star formation within the CMZ as well as outbursts asso-
ciated with gas accreting onto Sgr A∗ could follow. These
events could begin to occur after an additional few hundred
thousand years.
Note that this scenario ignores any role played by dense
molecular clouds, whose total mass has been estimated to
be several times that of the diffuse CMZ gas (Sofue 2017).
Because the filling factor in the CMZ of the dense gas is be-
lieved to be much smaller than that of the diffuse gas, the
evolution of the diffuse gas may be largely independent of
the dense clouds, unless one of the latter falls into the center
at an earlier time.
7. SUMMARY AND CONCLUSIONS
We have obtained velocity profiles of the R(1,1)l line
of H+3 at 3.7µm toward 29 stars whose sightlines are to-
ward the CMZ of the Galaxy and extend in longitude nearly
fully across the CMZ; we present 18 of them in this paper.
These18 stars are sufficiently deeply embedded in the CMZ
that strong absorptions are observed in the R(1,1)l line, im-
plying long columns of H+3 . As discussed in Paper I, they,
together with supporting observations of other lines of H+3 ,
imply that warm (∼200 K) and diffuse (∼50 cm−3) gas fills
the majority of the volume of the CMZ.
The absorption lines of H+3 seen toward those stars in the
central part of the CMZ are broad and blueshifted, extend-
ing from ∼ −150 km s−1 to ∼ 0 km s−1. Toward most of the
stars the absorptions are continuous and form troughs, while
toward a few they are discontinuous indicating patchy voids
in the diffuse gas. In general the maximum (negative) veloci-
ties of the line profiles decrease with distance of the sightline
from the center of the CMZ. Sightlines at the western edge of
the CMZ show narrow absorptions centered at 0 km s−1. No
sightlines are available at the eastern edge but those closest to
it have considerably narrower absorption troughs and consid-
erably lower maximum (negative) absorption velocities than
the lines on more centrally located sightlines.
The (l, v) diagram of these line profiles are well fitted by
a semicircle whose radius corresponds to the maximum ve-
locity of 150 km s−1 and whose linear dimension is that of
the CMZ. The diagram implies that the warm diffuse gas
is expanding from an origin near the center of the CMZ.
This motion is similar to that of the Expanding Molecular
Ring (EMR) discovered by Kaifu, Kato, & Iguchi (1972) and
Scoville (1972), although there are three qualitative differ-
ences:
1. The EMR was originally interpreted as composed of
dense (n > 103 cm−3) gas while the gas probed by
H+3 is diffuse (n ∼50 cm−3). We believe that the den-
sity estimates of Kaifu, Kato, & Iguchi (1972) and
Scoville (1972), which were not directly obtained from
the observed absorption spectra of OH and H2CO, but
from emission spectra of NH3 and CO, respectively,
are overestimates and that the EMR has roughly the
same density as is derived from observations of H+3 .
2. While the EMR as viewed in OH and H2CO is a ring
with a void at the center, the gas probed by H+3 fills the
CMZ. While H+3 is easily understood as being present
throughout the CMZ, the intense UV radiation field in
the central part of the CMZ could account for the abun-
dances of OH and H2CO increasing with distance from
the center and reaching maxima at the EMR.
3. The EMR was reported to have a rotational compo-
nent with velocity ∼50 km s−1 both by Kaifu, Kato,
& Iguchi (1972) and Scoville (1972). We believe that
their arguments in support of this motion are not con-
vincing. The observations of H+3 toward the edges of
the CMZ are unequivocal in demonstrating very little
or no rotational component.
Analysis of the spectra of H+3 allow us to infer that a face-on
view of the CMZ would show it to be circular. This revives
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the circular face-on view of the CMZ proposed by Kaifu,
Kato, & Iguchi (1972) and Scoville (1972), which fell out of
favor after the paper by Binney et al. (1991). Although there
is good evidence for elliptical orbits with high eccentricity
on scales of a few kpc, the application of the Binney et al.
theory to the CMZ, which is more than 10 times smaller and
for which there is no evidence for the presence of a barred
potential is not justified. We believe that the face-on views of
the CMZ as an ellipse with high eccentricity, such as those
in Fig. 2 of Rodrı´guez-Fernandez et al. (2006), Fig. 21 of
Bally et al. (2010), and Fig. 4 of Tsujimoto et al. (2018) are
incorrect.
The observations of H+3 , together with those of OH and
H2CO in the EMR indicate that nearly 107M of gas was
expelled from central region of the CMZ roughly 600,000
years ago (see Appendix). The current kinetic energy and
momentum in the gas greatly exceed what could be produced
by supernovae and/or stellar winds, and the ejection is prob-
ably related to activity of Sgr A∗. Compared with explosions
inferred from other observations like the microwave lobes
(Sofue & Handa 1984), X-ray maps (McCammon & Sanders
1990; Snowden et al. 1997), and the γ-ray Fermi bubbles (Su,
Slatyer, & Finkbeiner 2010), both the time and energy are an
order of magnitude less. The time scale agrees with that of
the recently discovered 430 pc microwave bubble (Heywood
et al. 2019; Yusf-Zadeh & Wardle 2019; Yusef-Zadeh et al.
2019). The origin of the expansion of the diffuse gas probed
by H+3 may be the result of the same event or events that
created the microwave bubble.
Due to the significant deceleration of the gas produced by
the enclosed Galactic mass, it can be deduced that originally
the maximum expansion velocity was considerably higher
than the current value of∼150 km s−1 . The ongoing deceler-
ation will halt the expansion of the EMR within∼ 5×105 yr
and may have already nearly halted the expansion of some of
the diffuse gas interior to the EMR. This will result in infall
of the gas (unless it is prevented by another outburst in the
center), causing new episodes of star formation and violent
events associated with accretion onto Sgr A∗.
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APPENDIX
A. GAS UNDER CONSTANT DECELERATION
The gravitational deceleration of the spherically expanding gas in the spherically distributed mass of the CMZ is
d2r
dt2
= −GM(r)
r2
, (A1)
where r is the distance from the center of expansion, G is the gravitational constant, and M(r) is the mass within the sphere of
radius r. We use M(r) given in Fig. 14 of Sofue (2013) which is approximated as M(r) = µr2 between 30 pc ≡ r0 and 150 pc
≡ R with M(r0) = 6.0 × 107M and M(R) = 1.5 × 109M. Gµ ≡ γ = 1.0 × 10−6 cm s−2. For this mass distribution, the
deceleration is constant between 30 pc and 150 pc,
d2r
dt2
= γ, i.e.,
dr
dt
= v = v0γt, and r = r0 + v0tγ
t2
2
, (A2)
where v0 is the velocity of the gas at 30 pc and the time t is set to be 0 at 30 pc. These quadratic simultaneous equations with t
and v0 as unknowns give the solution
t =
[(
v
γ
)2
+
2(rr0)
γ
]1/2
− v
γ
, and v0 = v + γt. (A3)
For the gas at the front of expansion with v = V = 150 km s−1 and rr0 = Rr0 = 120 pc the time of expansion T is calculated
to be
T = 5.3× 105 year, and the initial velocity v0 = 310 km s−1, (A4)
Thus the gas at the front of the expansion had a speed of 310 km s−1 at 30 pc and has decelerated to 150 km s−1 during the
expansion from 30 pc to 150 pc. The expansion from the origin to 30 pc must have happened in much shorter time than T . We
thus conclude that the event which initiated the expansion of the gas occurred about 6× 105 years ago.
Figure 14 of Sofue (2013) indicates that the relation M(r) = µr2 holds approximately beyond r = 150 pc up to 300 pc.
Because of the constant deceleration in the region, the gas will reverse its velocity and fall back to the center long before it
reaches 300 pc and join the inevitable inflow toward the center (Morris & Serabyn 1996).
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